Abstract Atmospheric-pressure argon plasmas have received increasing attention due to their high potential in many industrial and biomedical applications. In this paper, a 1-D fluid model is used for studying the particle density characteristics of the argon plasmas generated by the pulsed dielectric barrier discharges. The temporal evolutions of the axial particle density distributions are illustrated, and the influences of changing the main discharge conditions on the averaged particle densities are researched by independently varying the various discharge conditions. The calculation results show that the electron density and the ion density reach two peaks near the momentary cathodes during the rising and the falling edges of the pulsed voltage. Compared with the charged particle densities, the densities of the resonance state atom Ar r and the metastable state atom Ar m have more uniform axial distributions, reach higher maximums and decay more slowly. During the platform of the pulsed voltage and the time interval between the pulses, the densities of the excited state atom Ar * are far lower than those of the Ar r or the Ar m . The averaged particle densities of the different considered particles increase with the increases of the amplitude and the frequency of the pulsed voltage. Narrowing the discharge gap and increasing the relative dielectric constant of the dielectric also contribute to the increase of the averaged particle densities. The effects of reducing the discharge gap distance on the neutral particle densities are more significant than the influences on the charged particle densities.
Introduction
Low-temperature atmospheric-pressure plasmas have constituted a new realm in plasma physics because their non-equilibrium character enables the use of plasmas in many scientific areas [1] . Dielectric barrier discharges (DBDs) provide a simple technology to establish non-equilibrium atmospheric-pressure plasma conditions in an economic and reliable way [2] . Recent studies have mainly concentrated on novel industrial and biomedical applications of the plasmas generated by the DBDs, such as thin film deposition, nanomaterial synthesis and bacteria inactivation [3−5] . The technological progresses of these applications have encouraged increasing interest of researchers and required further understanding of the non-equilibrium plasmas.
Traditionally, the DBDs have usually been driven by the continuous sinusoidal voltages [2, 6] . With the developments of the pulsed power technology, the repetitive nanosecond pulsed voltages have been adopted to drive the atmospheric-pressure DBDs [7, 8] . Recent advances have shown that, in comparison with the traditional DBDs, the DBDs driven by the pulsed voltages (called the pulsed DBDs) present plenty of distinctions, such as enhanced discharge efficiency and lower plasma gas temperature [8−11] . More importantly, using shorter rise time and pulse width results in both higher reduced electric field and higher discharge current density, leading to more electrons and plenty of active species as well as stronger ultraviolet emissions [9] . Accordingly, the possibility of utilizing the pulsed DBDs at atmospheric pressure is set to expand significantly in the years to come.
For the technological process of the atmosphericpressure plasmas, in particular for the process of plasma-enhanced chemical vapor deposition, the choice of the working gas is crucial for not only the discharge physics but also the process cost. It is possible to get the homogeneous discharge whatever the gases, even if it has been reported earlier in helium [3] . Nevertheless, argon is cheaper than helium and is more effective for pushing out the air in the DBD equipment due to its higher atomic mass. Although the DBDs in argon is the promising non-equilibrium plasma source, but the discharge characteristics of the pulsed DBDs in atmospheric-pressure argon, especially for the particle densities of the argon plasmas, have been less reported so far. The limited diagnostic technology has difficulties in giving needed information of the particle densities, in particular their spatiotemporal changes. Further research based on the elaborate numerical model is necessary to support novel applications of the atmospheric-pressure pulsed DBD argon plasmas.
In this work, a self-consistent 1-D fluid model is explored to simulate the argon plasmas generated by the pulsed DBDs at atmospheric pressure. This model has been widely used for analyzing the DBDs since its calculation results are qualitatively consistent with the experimental results [12, 13] . The argon discharge plasmas have been a longlasting topic in the past decades and many research groups have reported the calculated results of the plasmas based on the fluid model [14−19] . However, these investigations have mainly focused on the plasmas generated by the radio frequency discharges or the direct current discharges. Although the pulsed DBDs have attracted a great deal of attention among researchers, but reports on both space-resolved and time-resolved particle density distributions for the pulsed DBDs in argon at atmospheric pressure have been still scarce. This work adopts the multi-step ionization and the spontaneous decay to build the relatively complete argon chemistry. The purpose of this work is to study the space-time evolutions of the particle densities and the effects of the important discharge conditions, including the pulse parameters of the applied voltage and the operating conditions of the plasma reactor, on the averaged particle densities of the pulsed DBD argon plasmas.
In the next part the simulation model will be briefly introduced. Then, the temporal evolutions of the axial particle density distributions for the atmosphericpressure pulsed argon DBDs, and the influences of changing the significant discharge conditions on the averaged particle densities will be systematically illustrated and researched.
Simulation model
Schematic diagram of the modeling geometry of the atmospheric-pressure pulsed DBDs is shown in Fig. 1 . The argon plasmas are produced in the discharge region between the two parallel-plate electrodes. The two electrodes are covered with the dielectric barrier, respectively, and separated by the discharge region. The right electrode is connected to the positive pulsed voltage and the left electrode is grounded. d g denotes the discharge gap distance, and d s is the dielectric thickness. In the simulation model it is assumed that the discharge region is filled with the uniform distribution plasmas, enabling the 1-D approach to be used for the description of theoretical formulation. The modeled particles for the argon plasmas are ground state atoms (Ar) and the species generated in discharge processes, including electrons (e), argon ions (Ar + ), resonance state argon atoms (Ar r ), metastable state argon atoms (Ar m ), as well as excited state argon atoms (Ar * ). The production and destruction of the above particles can be described by the following 1-D continuity equations
where N is the particle number density, Γ is the particle flux density, S is the particle source term, and subscripts e, i, r, m, and * respectively represent e, Ar + , Ar r , Ar m , and Ar * . The flux densities for the different particles are given by
where µ is the mobility and D is the diffusion coefficient.
As to the neutral species, only diffusion items are considered in the calculation of the flux density. The values of µ and D comply with the Ref. [14] . The current conservation equation is utilized to determine the electric field intensity E in the electrode gap, taking the form of
where ε 0 is the dielectric constant of the free space, J 0 is the total current density, and J g is the conduction current density. J 0 and J g should be further expressed as
where V a is the applied voltage, d g is the gap distance of the discharge region, d s is the dielectric thickness, ε r is the relative dielectric constant of the dielectric, and e is the elementary charge. The electron temperature T e is captured by the electron energy conservation equation, given by
where K B is the Boltzmann constant, Q is the electron energy flux, ∆ε i denotes the energy loss of the ith reaction, and r i is the reaction rate of the ith reaction. Significant chemical reactions of the pulsed DBDs in argon are listed in Table 1 with the corresponding rate coefficients.
Because of the secondary electron emission, the corrected electron flux density Γ e at the dielectric surface is updated by
where γ denotes the secondary electron emission coefficient. The Scharfetter-Gummel (SG) scheme is used for solving the aforementioned equations.
The full description for the SG scheme and governing equations of the fluid model could be found elsewhere [18] . According to Ref. [20] , as an initial condition, the electrons and the ions are uniformly distributed in the discharge gap with an initial density of 10 7 cm −3 . Besides, considering few excited argon atoms existed in the discharge gap before the discharge is ignited, initial density values of Ar * , Ar m , and Ar r are set to 10 3 cm −3 . The time evolutions of the axial distributions and the averaged particle densities for the various particles presented in this work are the calculated results of the twentieth discharge cycle when both the discharge characteristics and the particle densities have become stable. The above simulation model is carried out under identical discharge conditions as the experiments of Lu et al [21] . In the experiments, pure argon was the working gas. Aluminum disk electrodes of 1.9 cm diameter were covered by quartz caps. The distance between the quartz caps was 0.6 cm and the thickness of one quartz cap was 0.15 cm. The amplitude and the frequency of the pulsed voltage were 6 kV and 1 kHz. The I off and the I on are the measured currents with plasma off and on. I dis is defined as the difference between the I off and the I on , and is used to represent the discharge current. Fig. 2 presents a comparison between the calculated discharge current I dis−cal and the experimental discharge current I dis (called I dis−exp in this work) under the pulse duration of 600 ns. It is shown that the calculation results are in good agreement with the experimental data [21] . In addition, the waveform of the I dis−cal is also comparable with the experimental results of Martens et al [11] . Fig.2 Comparison between the calculated discharge current I dis−cal and the experimental discharge current I dis−exp of the experiments from Lu et al. [21] 3 Simulation results and discussion
Time evolutions of the axial particle density distributions
The pulse parameters of the pulsed voltage and the operating conditions of the DBD reactor are set as follows: voltage amplitude of 6 kV, voltage frequency of 1 kHz, pulse duration of 600 ns, pulse rise time of 50 ns, discharge gap distance of 0.6 cm, relative dielectric constant of 3.5, dielectric thickness of 0.15 cm for each dielectric layer, and the secondary electron emission coefficient of 0.02 for the dielectric surface. The time evolutions of the axial particle density distributions of the pulsed argon DBDs are simulated using the aforementioned fluid model and discharge conditions. The detailed results and discussion for the spatial and temporal variations of the particle densities will be presented below. Fig. 3 and Fig. 4 present time-space evolutions of the axial distributions of electron densities and ion Ar + densities. As shown in Fig. 2 , when argon is used as the working gas, the discharge current has the form of two short pulses. Corresponding to the two discharge current pulses, the electron and the ion Ar + densities reach two peaks at the rising and the falling edges of the pulsed voltage located at the momentary cathodes, as illustrated in Fig. 3 and Fig. 4 . For the first discharge, the voltage across the discharge gap V g can be given by V g = V a − V d , and the voltage across the dielectric V d starts increasing, which is caused by the charges accumulated on the surface of the dielectric after the discharge is initiated [7] . So that the V g decreases with the increase of the V d at the duration of the first discharge and the corresponding electric field intensity E g in the discharge gap is relatively low at the peak time of the first discharge. For the second discharge, the gap voltage exhibits a negative value when the applied voltage decays, which leads to a negative discharge current pulse at the falling edge of the pulsed voltage. Thus, the V g increases with the decrease of the V a and the corresponding E g is relatively high at the peak time of the second discharge. The averaged electron density can be estimated by n e = J g /(eµ e E g ) [8] . Consequently, under the action of the different E g , although the current waveform is approximately symmetrical, the first peak of the electron densities is obviously higher than the second one, as shown in Fig. 2 and Fig. 3 .
Furthermore, the peak times of the electron and the ion densities are the same as the peak times of the discharge current, but the maxima of the ion densities are significantly higher than those of the electron densities. The atmospheric pressure glow discharge has been characterized by the forming of both the cathode sheath and the plasma positive column region. Thus, the discharge mode of the pulsed argon DBDs at atmospheric pressure, especially at the rising and the falling edges of the pulsed voltage, is the atmospheric pressure glow discharge for the unique distribution characteristics of the charged particle densities, which are induced by the electron avalanche and the space charge field. Nevertheless, at the platform of the voltage pulses and the time interval between two voltage pulses, the electron densities and the ion Ar + densities are very low, which is attributed to the high reaction rate constant of the electron-ion radiative recombination [17] .
Compared with the single step ionization, the multistep ionization in argon decreases the collisional energy loss per electron-ion pair created, resulting in the rapid increase of the particle densities and the high ionization rate at discharge duration [15] . Besides, the voltage growth rate (dV /dt) of the pulsed voltage is obviously higher than that of the sinusoidal voltage. Initially, under the action of the external electric field abundant electrons caused by the electron avalanche move to the momentary anode, inducing the notable space charge effect. Subsequently, the notable space charge effect leads to the formation and propagation of the ionization wave, and thus rapid movement of the electrons towards the moment cathode, forming the cathode sheath. On the other side, the charges accumulated on the surface of the dielectric make the V d change rapidly, and then the discharge extinguishes when the V g cannot sustain the discharge. Another reason for the swift extinguishing and the rapid decay of the charged particle densities for the argon pulsed DBDs is that the spontaneous decay reduces the energetic particle densities during the extinguishing stage.
Atom Ar possesses two resonance levels, lying closely to each other, i.e., the (3p 5 4s) 3 P 1 level and the (3p 5 4s) 1 P 1 level, at 11.62 eV and 11.83 eV above the ground state, respectively. In this paper, complying with Refs. [15, 17] , the two resonance levels are combined in one collective resonance level Ar r . Fig. 5 describes time evolutions of the axial Ar r density distributions. Argon atoms possess two metastable levels, lying close to each other, including the (3p 5 4s) 3 P 2 level and the (3p 5 4s) 3 P 0 level, at 11.55 eV and 11.71 eV above the ground state, respectively. The (3p 5 4s) 3 P 0 level has been stated to be populated by a fraction of only 10%-20% of the (3p 5 4s) 3 P 2 level [17] . Since only the total metastable density is important in this work, the two metastable levels are combined in one collective level lying at the 11.55 eV, complying with the energy of the (3p 5 4s) 3 P 2 level. Fig. 6 gives temporal evolutions of the axial Ar m density distributions. The two figures indicate that the spatial and temporal evolutions of the Ar r densities and the Ar m densities are almost the same, which can be attributed to the close reaction rates and the close energy thresholds of the multi-step ionizations between the reactions involving the Ar r (R03 and R05) and the reactions involving the Ar m (R02 and R09) [15] . Moreover, compared with the electron densities and the ion densities, both the Ar r densities and the Ar m densities can reach higher peak values and decay more slowly. One reason for this is that the energy thresholds of the multi-step ionizations to produce the Ar r and the Ar m (11.56 eV) are lower than the energy threshold of the direct electron impact ionizations to generate the Ar + (15.76 eV) [15] . The other important reason is that the excitation cross sections of the Ar r and the Ar m are larger than the ionization cross section of the Ar + [22] . Moreover, the neutral Ar r and Ar m cannot be subject to drift induced by the electric field, and the electronion radiative recombination reactions produce plenty of the resonance state and metastable state species (R21 and R22). Thus, the Ar r densities and the Ar m densities have the more uniform axial distributions in the discharge region, and decay more slowly compared to those of the electron and the Ar + , which have more significant peaks nearby the momentary cathodes during the rising and falling edges of the pulsed voltage. Fig. 7 shows the time evolution of the axial distributions of excited state atom Ar * densities. This figure illustrates that the evolutions of the atom Ar * are similar to those of the ion Ar + , including the axial distributions and the decay times. This figure also indicates that the particle densities of the Ar * , in particular during the platform of the voltage pulses and the time interval between the pulses, are obviously lower than those of the Ar r and the Ar m . These phenomena can be ascribed to the smaller energy threshold difference between generating the atom Ar * (13.2 eV) and the ion Ar + (15.76 eV) than the energy threshold difference between the Ar r (and the Ar m ) and the Ar + , as well as the higher rate coefficients of the spontaneous decay reactions (R19 and R20) to quench the Ar * and to produce the Ar r and the Ar m . Fig.7 Time evolution of the axial excited state atom Ar * density distributions 3.2 Effects of changing the significant discharge conditions on the averaged particle densities
In this part, the influences of changing the discharge conditions on the averaged particle densities of the argon plasma will be observed and discussed in detail. The discharge conditions include the main pulse parameters of the applied voltage, i.e., amplitude V m and frequency f of the pulsed voltage, and the significant operating conditions of the parallel-plate DBDs, including discharge gap distance d g and relative dielectric constant of the dielectric ε r . In what follows, when one of these discharge conditions is changed, other discharge conditions are kept as the initial values as mentioned in the previous paragraph. Fig. 8 gives averaged particle densities of e, Ar + , Ar r , Ar m , and Ar * under the various amplitudes V m of the pulsed voltage, respectively. This figure shows that the averaged particle densities of the simulated species rise monotonically with the increase of the amplitude, and the averaged electron densities are obviously higher than the averaged argon ion densities when V m is higher than 7 kV. Under the calculated V m , the averaged particle densities of resonance state argon atoms Ar r and the averaged particle densities of metastable state argon atoms Ar m are almost the same, and higher than those of other simulated particles. This can be attributed to the similar and lower energy thresholds of the multi-step ionizations to produce the Ar r and the Ar m , compared with the energy thresholds of both the direct electron impact ionizations to generate the Ar + and the multi-step ionizations to generate the Ar * . With the increase of the f , the recombination reactions between the electrons and the ions have been limited due to the shorter pulse-off time. So f is the significant factor affecting the averaged particle densities. Besides, the averaged particle densities increase with the increase of f , which is consistent with the results predicted theoretically and observed experimentally in the DBDs excited by the sine wave voltages [2] . It should be noted that the averaged ion densities are higher than the averaged electron densities when the frequency is not less than 1 kHz, which implies that increasing the frequency is an effective measure to obtain the abundant Ar + ions. and Ar * as a function of the discharge gap distance d g are described in Fig. 10 . This figure shows that the averaged particle densities of all kinds of simulated species decrease with increasing d g . Under the identical applied voltage, the increase of d g can lead to the decrease of reduced electric field, causing the slowing down of the chemical reactions and the reduction of producing the charged and neutral species. On the other side, the development of electron avalanche and the propagation of ionization wave caused by the space charge field can be enhanced because of the wider discharge region. Accordingly, as shown in Fig. 10 , the effects of increasing d g on the averaged particle densities of the neutral species are more significant than the influences on the charged species. Averaged particle densities of the simulated species under the different relative dielectric constant ε r are illustrated in Fig. 11 . This figure shows that these averaged particle densities increase with increasing ε r . The present simulation presents that the variations of the averaged particle densities caused by the increase of ε r are similar to those due to the reduction of dielectric thickness d s . For the DBDs, the dielectric acts as the solid dielectric capacitance, and the capacitance increases by increasing the ε r or by decreasing the d s . So the net charged species accumulated on the dielectric increases and the dielectric voltage reduces, leading to the rise of the gap voltage. Consequently, increasing the ε r or decreasing the d s can make discharge occur under the high breakdown voltage. As a result, the strong breakdowns and the enhanced chemical reactions cause the increases of the particle densities of the simulated particles.
Conclusion
The electron density and the ion density reach two peaks nearby the momentary cathodes during the rising and the falling edges of the applied voltage, and the peak values of the ion densities are higher than the peak values of the electron densities. The charged particle densities during the platform of the voltage pulses and the time interval between the adjacent pulses are relatively low, compared with those at the peak moments. The spatial and temporal evolutions of the Ar r densities and the Ar m densities are almost the same. They have the more uniform axial distributions, reach the higher maximums and decay more slowly, compared to those of the electron and the Ar + . The evolutions of the Ar * , including the axial distributions and the decay times, are similar to those of the Ar + . The particle densities of the Ar * are obviously lower than those of the Ar r or the Ar m , especially during the platform of the voltage pulses and the time interval between the two pulses.
Under the calculated discharge conditions, the averaged particle densities of the Ar r and the Ar m are higher than those of other simulated particles.
The averaged particle densities of all simulated species increase monotonically with the increase of the amplitude and the frequency of the pulsed voltage. The amplitude is the main factor affecting the averaged electron densities, and increasing the frequency is an effective measure to obtain the abundant Ar + ions. The particle densities of the simulated species decrease with the increase of the discharge gap distance, but increase with the increase of the relative dielectric constant. Besides, the influences of narrowing the discharge gap on the neutral particle densities are more obvious than the effects on the charged particle densities.
